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The Xenopus nodal-related 3 gene (Xnr3) is expressed in the Spemann organizer of the embryo and encodes a member of
the transforming growth factor b family that mediates some activities of the organizer. Xnr3 is transcriptionally activated
by wnt signaling during gastrulation in the Xenopus embryo. Here we show that a small region of the Xnr3 promoter is
suf®cient to confer wnt-inducible transcription. By mutational analysis of the promoter, we have identi®ed two distinct
sequence elements required for the response to wnt signals. One regulatory sequence interacts with a factor which accumu-
lates in Xenopus gastrulae independent of wnt signaling. The other functionally important site can bind mammalian LEF-
1 protein, a member of the LEF-1/TCF family of transcription factors. In addition, misexpression of LEF-1 in embryo
explants induces transcription of the endogenous Xnr3 gene. Taken together, these data provide further evidence for a role
of LEF-1/TCF proteins in wnt signaling and identify the Spemann organizer-speci®c gene Xnr3 as a direct target of these
transcription factors in vertebrates. q 1997 Academic Press
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INTRODUCTION (Bhanot et al., 1996), inactivating glycogen synthase kinase-
3 (GSK-3) through the product of the dishevelled gene. The
inactivation of GSK-3 allows the accumulation of the sta-Wnt proteins are involved in a number of inductive signal-
ble, unphosphorylated form of b-catenin (Dominguez et al.,ing events during both vertebrate and invertebrate develop-
1995; He et al., 1995; Peifer et al., 1994; Pierce and Kimel-ment. In the early stages of vertebrate development, wnt
man, 1995; Yost et al., 1996). Recent reports have indicatedsignaling is implicated in establishing dorsal±ventral polar-
that b-catenin can form a complex with transcription fac-ity (Heasman et al., 1994; McMahon and Moon, 1989; Smith
tors of the LEF-1/TCF family and activate transcriptionand Harland, 1991; Sokol et al., 1991; Zeng et al., 1997; Pop-
from a synthetic promoter containing multimerized LEF-1/perl et al., 1997). More speci®cally, in amphibians this path-
TCF binding sites (Behrens et al., 1996; Brunner et al., 1997;way is required for the activity of the early dorsalizing center
Huber et al., 1996; Molenaar et al., 1996; van de Wetering(Nieuwkoop center) which mediates induction of Spemann's
et al., 1997).organizer (reviewed in Harland and Gerhart, 1997).
Axis speci®cation in Xenopus requires the downstreamThe components of the wnt signaling pathway, initially
signaling components of the wnt pathway but may not in-identi®ed genetically in Drosophila, are now known to have
volve a wnt ligand (discussed in Harland and Gerhart, 1997).structural and functional homologues in vertebrates. The
Interfering with the pathway by injection of dominant nega-wnt ligand interacts with a cell surface receptor, frizzled
tive glycogen synthase kinase 3 (Dominguez et al., 1995;
He et al., 1995; Pierce and Kimelman, 1996), eliminating
maternal b-catenin mRNA (Heasman et al., 1994), or ex-1 To whom correspondence should be addressed. Fax: 510 643
1729/510 642 7000. E-mail: harland@socrates.berkeley.edu. pressing a dominant negative XTCF-3 or LEF-1 (Behrens
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region of Xnr3, to a PstI site, was cloned into pBluescript. Thiset al., 1996; Molenaar et al., 1996) leads to loss of dorsal
fragment was subsequently removed from pBluescript with EcoRVstructures in the embryo. In addition, elevated levels of b-
and SpeI and cloned into the NheI and HindIII (blunted) sites ofcatenin protein are normally found on the dorsal side of the
pGL2basic (Promega). Exonuclease III deletions were performed oncleaving embryo (Larabell et al., 1997).
KpnI/MluI digested pXnr3lux and the end points sequenced.Several genes are known to be expressed in response to
The pXnr3luxLS plasmids, which carry 8- to 10-bp replace-wnt signaling in vertebrates, but it is not known whether
ments within the Xnr3 fragment, were generated by single-
these genes represent direct targets of the wnt pathway. In stranded oligonucleotide-directed mutagenesis (Kunkel, 1985;
Drosophila the ultrabithorax (Ubx) gene has recently been Sambrook et al., 1989). The 8- to 10-bp stretches of p160Xnr3
identi®ed as a direct target of signaling by wingless, the were replaced with a NotI site as indicated in Fig. 2a, and incorpo-
orthologue of wnt. In the context of the Ubx promoter, a ration of the replacement DNA was tested by both NotI digestion
LEF-1 binding site mediates transcriptional activation in and subsequent sequencing. The plasmid with point mutations
response to wingless, in cooperation with a regulatory se- within WRE1, pmWRE1, was also generated by single-stranded
oligonucleotide-directed mutagenesis of pXnr3lux. The se-quence that confers responsiveness to decapentaplegic (dpp)
quences of these plasmids were also veri®ed by sequencing.signaling (Riese et al., 1997).
In pXnr3luxmLEF the LEF-1 binding sites have been mutated toIn Xenopus, at least three organizer-speci®c genes have
ablate their ability to bind LEF-1. This plasmid was generated frombeen shown to be responsive to wnt. Goosecoid is activated
pXnr3lux by single-stranded oligonucleotide-directed mutagenesisby wnt signals in combination with general mesoderm in-
and the following replacements were introduced; mutant positionsducers such as activin (Steinbeisser et al., 1993). A wnt-
are indicated in lowercase: 5*-TAGaaTTcATGTGCCACAATC-responsive element has been described in the goosecoid pro- TACAgAAttGC-3* (0197 to 0165) and 5*-CAGATgAAttCAAgA-
moter, but this regulatory sequence appears unrelated to AttGA-3* (0100 to 080).
the binding site of LEF-1/TCF proteins and may respond pMSVCAT was used as an internal control for transcriptional
indirectly to wnt signaling (Watabe et al., 1995). In contrast, activity of injected embryos. It contains the murine sarcoma
the Xnr3 gene (Smith et al., 1995) and the siamois gene virus promoter upstream from the gene for chloramphenical ace-
(Carnac et al., 1996; Brannon and Kimelman, 1996) can be tyl transferase (CAT) (Harland and Misher, 1988). Transcripts are
activated by ectopic wnt signals alone. Thus, these genes expressed ubiquitously from this promoter during gastrulation
in Xenopus.may provide a model system for studying a simple response
to wnt signaling.
The Xnr3 gene was isolated in a functional screen for
Preparation of Synthetic RNAgenes that rescue dorsal development in ventralized Xeno-
pus embryos (Smith et al., 1995). It encodes a protein related Plasmids pGEM5R-Xwnt8, pCS105b-catenin, pSP64LEF-1,
to members of the TGFb family of signaling molecules and pSP64HMG, and pSP64LEF-1DN (Behrens et al., 1996) were linear-
is speci®cally expressed in the epithelial layer of the Spe- ized and used as templates for transcription of synthetic capped
mann organizer during gastrulation. Xnr3 has both induc- mRNA with a Message Machine kit (Ambion) (Smith and Harland,
1991). pCS105b-catenin was isolated by Julie Baker and encodes antive and morphogenetic activity in the gastrula embryo.
amino terminally truncated mouse b-catenin. pSP64HMG encodesSpeci®cally, Xnr3 can induce muscle in ventral mesodermal
amino acids 243±397 of LEF-1.explants, and neural tissue from ectoderm, and may play a
role in regulating the cell movements of gastrulation (Han-
sen et al., 1997). Promoter AssaysIn this study, we have analyzed the molecular basis for
the induction of Xnr3 transcription by wnt signals. We show To test promoter±reporter constructs Xenopus embryos were
injected at the single-cell stage with 10 pg test plasmid and 50 pgthat a promoter fragment is wnt-inducible and by muta-
pMSVCAT. Half of the injected embryos were subsequently in-tional analysis we have identi®ed two distinct sequence
jected with 1 ng synthetic Xwnt8 mRNA as the source of Xwnt8elements that are both required for wnt signaling. One regu-
ligand or 0.5 ng b-catenin mRNA.latory sequence is recognized by an unknown protein that
Embryos were harvested at stage 11 (Nieuwkoop and Faber, 1967)is expressed speci®cally in Xenopus gastrulae, whereas the
and the amount of luciferase activity present was determined usingother sequence element interacts with proteins of the LEF-
a luciferase system (Promega); results were quanti®ed using a scin-1/TCF family of transcription factors which have been re-
tillation counter. In each experiment approximately 20 embryoscently implicated in mediating wnt responsiveness. We also
were used to make the extract and two embryo equivalents were
®nd that ectopic expression of mammalian LEF-1 in em- used in each assay. The amount of CAT activity was quanti®ed as
bryos induces transcription of the endogenous Xnr3 gene described (Neumann et al., 1987) and used to normalize the lucifer-
suggesting that this organizer-speci®c gene is a direct target ase values in each experiment. Each promoter±reporter construct
of the wnt signaling pathway. was assayed at least three times.
MATERIALS AND METHODS
Protein Puri®cation and DNase I FootprintingConstruction of Plasmids
The LEF-1 HMG domain polypeptide was overexpressed in bacte-To construct pXnr3lux, a fragment of the Xnr3 promoter which
extends 294 bp upstream from the EcoRV site in the 5* untranslated ria and puri®ed essentially as described (Giese et al., 1995). DNase
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I footprinting analysis was performed as described (Travis et al., injection (T. Harbaugh and R. M. Harland, unpublished). To
1991). Brie¯y, the DNA probes were incubated in binding buffer study the regulation of Xnr3 by wnt signals, we isolated a
[Hepes (pH 7.9), 50 mM KCl, 5 mM MgCl2, 0.5 mM EDTA, 0.5 genomic Xnr3 clone and identi®ed a short region upstream
mM spermidine, 10% glycerol] including 1500 ng salmon sperm from the Xnr3 cDNA (Fig. 1a). To examine whether this
DNA and 750 ng poly(dI±dC):poly(dI±dC). Samples were treated 294-bp Xnr3 fragment contains sequences which can direct
with DNaseI and the reactions were stopped by adding phenol.
wnt responsiveness we linked the fragment to a luciferaseDNA samples were phenol extracted, ethanol precipitated, and ana-
reporter generating the new plasmid pXnr3lux. pXnr3luxlyzed by denaturing polyacrylamide gel electrophoresis.
was injected into the animal pole of Xenopus embryos at
the single-cell stage, either alone or together with in vitro
transcribed Xwnt8 mRNA, which is translated ef®ciently inGel Retardation Assays
the embryo. The injected embryos were allowed to develop
Probes containing sequences from 0160 to 0104, and from 0125 until midgastrulation, a stage when Xnr3 is normally ex-
to 063, were generated by polymerase chain reaction from the pressed, and then harvested to assay luciferase activity (Fig.
plasmid pXnr3lux. The probe containing sequences from 0160 to
1b). All embryos also received injection of a CAT reporter0129 was generated by end-labeling an oligonucleotide with T4
under the control of a promoter which directs ubiquitouspolynucleotide kinase and annealing this to its complement. Probes
expression at gastrulation, and luciferase values were nor-were gel puri®ed, precipitated, and resuspended at 100 pg/ml for
malized to CAT activity. Embryos receiving Xwnt8 mRNAuse in gel retardation assays.
Protein extracts were made by homogenizing embryos in chilled typically had 20- to 40-fold more luciferase activity than
Dignam C (Dignam et al., 1983) with 50 mM KCl and 1 mM phenyl- those without Xwnt8 mRNA. The wnt inducibility of pro-
methylsulfonyl¯uoride (5 ml of buffer per embryo) and microfuging moter activity was con®rmed by multiple independent in-
for 10 min at 47C (Snape et al., 1987). The clear supernatant was jection experiments, although the extent of the activation
removed from between the ¯oating lipid layer and the pellet, and varied between individual experiments. Thus, the 294-bp
this was used as the source of DNA binding activities. genomic fragment can direct transcription of a linked re-
Extract (11.5 ml) was preincubated for 10 min at room tempera-
porter gene and is responsive to wnt signaling.ture with 1.5 ml 0.5 M NaCl and 0.5 mg poly(dI±dC):poly(dI±dC),
before addition of 100 pg probe. The binding (in a total volume of
15 ml) was left at room temperature for a further 15 min and was Multiple Sequence Elements Required for Wnt
then electrophoresed through 4% polyacrylamide (50:1) in 50 mM Responsiveness
Tris±Cl, 380 mM glycine, 2 mM EDTA at 200 V for 2±3 h at 47C.
In competition experiments 10 ng (i.e., 100-fold excess) of unla- To determine in more detail which sequences are required
beled DNA was added at the preincubation step. These DNAs were for wnt responsiveness of the Xnr3 promoter, we generated
generated by polymerase chain reaction (PCR) or were oligonucleo- successive 5* deletions by exonuclease III digestion. Analy-
tides. sis of the 5* truncated promoter fragments by injection of
In experiments with a-amanitin 10 nl of a 50 mg/ml solution luciferase reporter constructs, alone or together with Xwnt8
was injected into Xenopus embryos at the single-cell stage. This
mRNA, indicates that the shortest promoter fragmentconcentration is suf®cient to inhibit RNA polymerase II transcrip-
which lacks sequences upstream of 0142 was typically 10-tion, but does not inhibit the other RNA polymerases.
fold less responsive to wnt than the longer promoters (Fig.
1b). Another promoter fragment that ends 160 bp upstream
of the end of the cDNA retained wnt inducibility (Fig. 2b).Reverse-Transcriptase-Mediated Polymerase Chain
Any variability between the full-length fragment and trun-Reaction (RT-PCR)
cations to 0160 was much less pronounced and not repro-
The RT-PCR assay has been described elsewhere (Baker and Har- ducible between experiments. These results suggest that
land, 1996). Oligonucleotide primers for amplifying EF1a were pre-
the 5* end of a wnt-responsive element is located betweenviously described (Wilson and Melton, 1994). Primers for ampli-
positions 0160 and 0142.fying Xnr3 are 5*-AGGCAAAAGGTCTCCATC (upstream) and
Transcription is often regulated by the coordinated activ-5*-AACCTCGTGCACATTGAC (downstream) and amplify from
ity of different factors that bind distinct sequence elements.position 641 to position 998 of the Xnr3 gene.
If a particular transcriptional response is regulated by the
coordinated action of multiple proteins, a simple analysis
of 5* deletions will allow only for the identi®cation of oneRESULTS
of the regulatory proteins. Therefore, we generated a series
of linker-scanning mutations, systematically replacing 8- toA 294-bp Fragment Adjacent to the 5* End of the
10-bp stretches of the shortest wnt-inducible Xnr3 promoterXnr3 cDNA Can Direct Wnt-Inducible
fragment (in p160Xnr3) with a neutral sequence (Fig. 2a).Transcription
We tested the wnt inducibility of the promoter fragments
(plasmids named p160LS3 to p160LS11) in Xenopus embryoXnr3 transcription is activated in response to wnt signal-
ing in Xenopus embryos (Smith et al., 1995). It is also in- injection assays (Fig. 2b). Mutations in two different regions,
represented by LS3 and LS8, signi®cantly reduce the wntduced by dominant negative GSK3 and b-catenin mRNA
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FIG. 1. (a) Sequence of the Xnr3 promoter from the end of the cDNA to an upstream PstI site located 257 bp upstream. Numbering is
relative to the end of the previously isolated Xnr3 cDNA (Smith et al., 1995). End points of a series of exonuclease III deletions are
indicated with an asterisk (*) above the last base pair of the sequence. Wnt responsive elements, WRE1 and WRE2, are underlined. (b)
Deletion analysis of the Xnr3 promoter. The results from one representative assay are shown in which a selection of the truncated
promoters were tested. The wnt inducibility of plasmids was calculated as the amount of luciferase activity present in extracts from
gastrulae injected with the plasmid along with Xwnt8 mRNA, divided by the amount of luciferase activity present in extracts from
gastrulae which were injected with the plasmid alone. The results from this and other experiments show that the 5* end of a wnt-
responsive element lies between position 0160 and position 0142.
responsiveness of the Xnr3 promoter. The LS3 mutation affected by LS8 wnt-responsive element 2 (WRE2). We
con®rmed the transcriptional effect of each of these linker-replaces a distal sequence between positions0141 and0133
which is likely to include the regulatory sequence revealed scanning mutations by multiple injections of two indepen-
dently generated clones. Thus, two nonoverlapping se-by the exonuclease III deletions series. We call the regula-
tory sequence effected by the LS3 mutation wnt-responsive quence elements, WRE1 and WRE2, are required for confer-
ring wnt responsiveness upon the Xnr3 promoter.element 1 (WRE1). The LS8 replacement affects a proximal
sequence from 096 to 088 which bears no obvious resem- Inspection of the sequence around WRE1 revealed that
the sequences immediately upstream from the LS3 replace-blance to the distal sequence element. We call the element
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FIG. 2. (a) Sequence of linker-scanning mutations of the Xnr3 promoter. Eight- to 10-bp stretches (between 0141 and 063) of the
Xnr3 promoter in p160Xnr3 were replaced with a NotI site as shown. The replacement sequences are in lowercase letters and
surrounding sequences are shown for orientation. These new plasmids, p160LS3 through p160LS11, were tested for their wnt inducibil-
ity. (b) Wnt responsiveness of linker-scanning mutants of the Xnr3 promoter. Two representative assays which show that mutations
in either p160LS3 or p160LS8 reduce the wnt inducibility of the promoter about 10-fold are shown. Two independent isolates of each
mutant construct were tested at least twice and in separate experiments. (c) Mutational analysis of WRE1. Mutation of 5*-ATTA to
5*-AGGA at position 0143/4, signi®cantly reduces the wnt inducibility of the Xnr3 promoter. (d) The b-catenin response of the Xnr3
promoter is dependent on WRE2. The plasmids p160Xnr3 and p160LS8 were tested for their ability to respond to Xwnt8 and b-
catenin. The response of the promoter to b-catenin also requires the sequences removed by the LS8 replacement and so is dependent
on WRE2.
ment resembles the core binding site for homeodomain pro- in particular b-catenin, and whether this induction was de-
pendent on WRE2. Figure 2d shows that the promoter isteins, 5*-ATTA. To further de®ne WRE1, we altered two
nucleotides of this sequence by site-directed mutagenesis. highly responsive to b-catenin and that the replacement of
WRE2 present in p160LS8 disrupts this induction of theInjection of this point-mutated Xnr3 promoter construct,
mWRE1, revealed that this 2-bp point mutation reduces the reporter.
wnt response of the promoter 10-fold (Figs. 2a and 2c). The
base pairs immediately adjacent to core homeodomain bind-
A LEF-1 Binding Site Is Required for Wnting sites are often involved in DNA binding and confer
Inducibilityspeci®city to this binding (Treisman et al., 1992). These
base pairs are mutated in the LS3 promoter construct. It is Recent reports have shown that transcription factors of
the LEF-1/TCF family can complex with b-catenin and acti-consistent with our understanding of these proteins that
alteration of these base pairs would prevent a homeodomain vate transcription from synthetic promoters containing
multimerized LEF-1/TCF binding sites (Behrens et al., 1996;protein from interacting.
We also assessed whether the promoter fragment was re- Huber et al., 1996; Molenaar et al., 1996; Riese et al., 1997).
In addition, the wingless response element in the Ubx genesponsive to other components of the wnt signaling pathway,
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domain peptide. An approximately 10-fold higher concen-
tration of HMG domain peptide was required to protect an
additional sequence between 0200 and 0190, suggesting
that this sequence is recognized by LEF-1 with lower af®n-
ity. We con®rmed the binding of the HMG domain of LEF-1
to the Xnr3 promoter fragment by radiolabeling the opposite
DNA strand which also allowed for a better resolution of
the distal protected region. Thus, LEF-1 recognizes two se-
quences in the Xnr3 promoter. While the contribution of
the lower af®nity binding site is unclear as deletion of this
site was not observed to have a signi®cant effect on wnt
inducibility (Fig. 1b), the higher af®nity binding site coin-
cides with the functionally important WRE2. In addition,
the contribution of the LEF-1/TCF sites appears to correlate
with the relative af®nity of binding.
Binding of Proteins in Embryo Extracts to WRE2
To detect binding activities that interact with WRE2 from
the Xnr3 promoter we incubated extracts from Xenopus
gastrulae with radiolabeled DNA probes. Incubation of a
DNA fragment encompassing Xnr3 sequences between
0125 and 063 with extracts from uninjected gastrulae
yielded several complexes. Although the slowest migrating
complex binds the probe speci®cally (speci®c binding was
shown by competition experiments not presented here) and
is modestly induced by Xwnt8 (Fig. 4, lanes 1 and 4), it does
FIG. 3. LEF-1 can interact with the Xnr3 promoter. DNase I foot- not appear to involve the LEF-1 binding site as competitor
print analysis of the Xnr3 promoter fragment using puri®ed LEF-1
DNAs carrying mutations in these sequences compete ef®-HMG polypeptide. Xnr3 fragments were 3* end labeled on the top
ciently for binding (data not shown). However, an abundantstrand (left) or bottom strand (right) and incubated with no protein
complex was detected with an extract from embryos in-(lanes 1 and 5) or with 10 ng (lanes 2 and 6), 30 ng (lanes 3 and 7),
jected with LEF-1 mRNA (lane 2). The mobility of this com-and 100 ng (lanes 4 and 8) of LEF-1 HMG polypeptide. The brackets
plex was altered in extracts from embryos injected with aindicate the region protected by LEF-1.
mutant form of LEF-1 mRNA which encodes an amino-
terminally truncated protein lacking the b-catenin interac-
tion domain (lane 3). This indicates that LEF-1 can bind
these sequences directly. We did not detect any slower mi-of Drosophila has been shown to be recognized by mamma-
lian LEF-1 (Riese et al., 1997). These transcription factors grating complex which could represent a ternary complex
with b-catenin in extracts containing full-length but not theare members of the family of high-mobility-group (HMG)
proteins which recognize speci®c nucleotide sequences truncated LEF-1 protein. In addition, when we coinjected b-
catenin mRNA with LEF-1 mRNA we did not detect slowerthrough interactions with their HMG domain (Giese et al.,
1991). A consensus binding site for the LEF-1/TCF proteins migrating complexes; presumably the interactions between
b-catenin and LEF-1/TCF are not suf®ciently stable in em-has been de®ned as 5*-CTTTGA/TA/T (Giese et al., 1991;
van de Wetering and Clevers, 1992; Waterman et al., 1991). bryo extracts for detection in this assay.
Inspection of the Xnr3 promoter sequence shows that al-
though this sequence is not present in WRE1, it is repeated
Binding of Proteins in Embryo Extracts to WRE1twice between positions 097 and 083 of the Xnr3 promoter
(in 3* to 5* orientation). This region overlaps with WRE2. The WRE1 does not contain a LEF-1 consensus and is not
protected by LEF-1 in a DNAse I footprint (Fig. 3). Therefore,To con®rm the recognition of this repeated sequence by
LEF-1/TCF proteins, and to identify additional putative this element may be the binding site for a distinct transcrip-
tion factor involved in wnt signaling. Using a radiolabeledLEF-1/TCF binding sites in the Xnr3 promoter, we incu-
bated a radiolabeled promoter fragment with a puri®ed copy of sequences between positions 0160 and 0129 we
examined gastrula extracts for the presence of binding activ-HMG domain peptide of mammalian LEF-1 and monitored
binding in a DNase I footprint assay (Fig. 3). A region be- ities and detected one main complex (Fig. 5a). Addition of
100-fold molar excess of the sequences between 0160 andtween 093 and 084 of the Xnr3 promoter was protected
from DNase I digestion at the lowest concentration of HMG 0129 to the binding reaction abrogated binding (lane 2),
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whereas addition of 100-fold excess of the sequences be-
tween 0160 and 0129 carrying either the LS3 replacement
(lane 4) or the 2-bp point mutation in WRE1, i.e., mWRE1
(lane 3), did not interfere with formation of the complex,
showing that the complex binds DNA sequence-speci®-
cally. Thus, the mutations in WRE1 that interfere with the
wnt responsiveness of the Xnr3 promoter also interfere with
formation of this complex.
The Xnr3 gene is activated in Xenopus during gastrulation
and in response to wnt signaling (Smith et al., 1995). Al-
though the WRE1 complex does not accumulate in response
to increased wnt signaling (data not shown), a time course
shows that it is developmentally regulated (Fig. 5b). Extracts
from embryos at different stages of development were incu-
bated with a radiolabeled copy of the sequences from 0160
to 0104. This complex ®rst appears in the late blastula
(stage 9; Nieuwkoop and Faber, 1967) and increases in abun-
dance during gastrulation. This complex is not formed with
extracts from embryos injected with low concentrations of
the RNA polymerase II inhibitor a-amanitin, suggesting
FIG. 5. (a) Embryo extracts contain proteins which bind WRE1
speci®cally. Extracts were made from midgastrula embryos (stage
11) and mixed with a radiolabeled probe containing sequences from
0160 to 0129 of the Xnr3 promoter and complexes separated by
electrophoresis. Lane 1 contains no competitor, whereas 100-fold
excess of unlabeled competitor DNA was added to the binding
reactions loaded in lanes 2, 3, and 4. Competitor DNAs are wild-
type sequences from the Xnr3 promoter between 0160 and 0129
(lane 2), or 0160 to 0129 with a 2-bp point mutation 5*-ATTA to
5*-AGGA (lane 3), or carrying the same sequence replacement as
is present in p160LS3 (lane 4). (b) A developmentally regulated
complex binds sequences between0160 and0104 speci®cally. Em-
bryos were injected at the single-cell stage with a-amanitin (an
inhibitor of RNA polymerase II transcription) or left uninjected.
Extracts were then prepared from embryos at different stages of
development as indicated, and a gel retardation assay was per-
formed using the sequences between 0160 and 0104 as probe.
that the protein component of the complex requires zygotic
transcription. Although we do not know the identity of this
complex, we note that the binding site contains a homeodo-
main consensus site which is required both for the function
of the element (Fig. 2c) and for formation of this complex.
Ectopic Expression of LEF-1 Induces Xnr3
TranscriptionFIG. 4. Mammalian LEF-1 can bind to the sequence from 0125
to 063. Embryos were injected with 1 ng LEF-1 mRNA, 1 ng LEF- The identi®cation of a wnt response element in the Xnr3
1DN mRNA, or 1 ng Xwnt mRNA at the single-cell stage. They promoter as a binding site for LEF-1/TCF proteins suggests
were harvested at gastrulation and extracts were incubated with a that the Xnr3 gene is a direct target for the wnt signaling
radiolabeled copy of the sequences between 0125 and 063 of the
pathway. If the Xnr3 gene is regulated by LEF-1/TCF pro-Xnr3 promoter. A novel shifted complex is detected in extracts
teins in response to wnt signaling, we would anticipate thatfrom embryos injected with LEF-1 mRNA (lane 2). A complex of
ectopic expression may activate the endogenous Xnr3 gene.greater mobility is detected in extracts from embryos injected with
To this end, we injected mRNA encoding mammalian LEF-LEF-1D56 mRNA (lane 3), indicating that mammalian protein can
bind these sequences directly. 1 into the animal pole of Xenopus embryos. Tissue from
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the animal pole, which does not normally express Xnr3,
was explanted at the blastula stage and cultured in isolation
until sibling embryos had reached midgastrulation. Tran-
scription of the endogenous Xnr3 gene in the explants was
assayed by RT-PCR. As anticipated, Xnr3 transcripts were
not detected in explants from uninjected embryos (Fig. 6a,
lanes 1 and 2), but were induced in explants from embryos
injected with Xwnt8 mRNA (lanes 11 and12), b-catenin
mRNA (lanes 3 and 4), or LEF-1 mRNA (lanes 9 and 10).
This suggests that misexpression of any of these compo-
nents of the wnt signaling pathway is suf®cient to induce
transcription of the Xnr3 gene.
We also tested whether a putative dominant negative
form of LEF-1 could suppress the induction of the endoge-
nous Xnr3 gene. The HMG domain of LEF-1 binds DNA,
but lacks the amino-terminal sequences that interact with
b-catenin (Behrens et al., 1996). Expression of HMG domain
peptide in explants suppressed the b-catenin-mediated in-
duction of Xnr3 transcription in a dose-dependent manner
(Fig. 6a, lanes 5 to 8). This result suggests that an endoge-
nous factor that binds the LEF-1 sites is needed for wnt-
induced transcription of Xnr3.
The Dorsal/Ventral Difference in Expression of
Xnr3 Is Mediated through the LEF-1 Binding Sites
The evidence that endogenous dorsal signaling is medi-
ated through b-catenin is now strong (reviewed in Harland
and Gerhart, 1997). With the aim of con®rming that the
endogenous signals act in part through the LEF-1/TCF sites
in the Xnr3 promoter, we injected the Xnr3 reporter into
FIG. 6. (a) Misexpression of either LEF-1 or b-catenin in Xenopusdorsal or ventral blastomeres. To maximize the transcrip-
ectodermal explants leads to accumulation of Xnr3 transcripts. Thetional response to endogenous signals we used the full 257-
animal pole of Xenopus embryos was injected with 100 pg LEF-1bp promoter fragment which contains both the proximal
(lanes 9 and 10), 100 pg b-catenin (lanes 3 and 4), or 1 ng Xwnt8high-af®nity and the distal low-af®nity LEF-1 binding sites.
mRNA (lanes 11 and 12) or left uninjected. Animal pole tissue was
Dorsal injections of pXnr3lux consistently yielded higher explanted at the blastula stage and allowed to develop in isolation
reporter activity than ventral injections (between 6- and 15- until gastrula stages, and then the amount of Xnr3 transcript was
fold in different experiments) (Fig. 6b). We also injected a assayed by RT-PCR. Explanted animal pole tissue does not normally
version of this plasmid in which the LEF-1 sites were mu- express Xnr3 (lanes 1 and 2), but injection of any of these three
tated, pXnr3luxmLEF. This plasmid showed no difference components of the wnt signaling pathway, LEF-1, b-catenin, or
Xwnt8, induced Xnr3 expression. Induction of Xnr3 expression by b-in reporter activity between dorsal and ventral sides. These
catenin was decreased by coinjection of 333 pg of the HMG box ofresults add support to the growing evidence that dorsal/
LEF-1 (lanes 5 and 6) and completely abrogated by 1 ng of HMG LEF-ventral differences in embryos are mediated in part through
1 (lanes 7 and 8). (b) The differential activation of the Xnr3 promoterthe wnt pathway and that this signaling pathway acts
on the dorsal side of Xenopus gastrulae is dependent on the LEF-1through LEF-1/TCF sites.
binding sites. pXnr3lux was injected into the dorsal or ventral side
of a four-cell stage embryo. Expression of the reporter from this con-
struct was between 6- and 15-fold higher after dorsal injection com-
DISCUSSION pared to ventral injection. This differential activation on the dorsal
side of the embryo was not observed when the LEF-1 binding sites
In this study, we show that a 294-bp promoter fragment in the Xnr3 promoter were mutated as in the plasmid pXnr3luxmLEF.
from the Xnr3 gene can confer wnt-inducible transcription
upon a linked heterologous reporter gene. By mutational
analysis of this promoter region, we identi®ed two distinct
regulatory sequences required for mediating responsiveness tors, whereas the other sequence element interacts with an
unknown protein from Xenopus gastrulae. The identi®ca-to wnt signals. One of the regulatory elements is recognized
by members of the LEF-1/TCF family of transcription fac- tion of Xnr3 as a natural genetic target of the wnt pathway
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allows for further detailed analysis and re®nement of recent the pangolin/dTcf gene which is a Drosophila orthologue
of LEF-1/TCF (Brunner et al., 1997; van de Wetering et al.,models for activation of wnt-responsive promoters (re-
viewed in Harland and Gerhart, 1997). 1997). These mutations result in a segment polarity pheno-
type similar to that caused by mutations in the winglessA recent study shows that the siamois promoter also con-
tains LEF-1 binding sites which are essential for wnt-medi- gene or in armadillo, the Drosophila orthologue of b-ca-
tenin.ated transcription (Brannon et al., 1997). Both siamois and
Xnr3 respond to wnt signals, yet they are expressed in differ- Although mammalian LEF-1 can induce transcription of
the endogenous Xnr3 gene in Xenopus explants, we do notent domains of the embryo, with Xnr3 being restricted to
the super®cial layer and siamois more generally expressed. know which Xenopus homologue regulates the Xnr3 gene
during gastrulation. XTCF3 has been identi®ed as a mater-Despite these differences, it appears that transcription of
both genes is dependent on LEF-1/TCF proteins. nally expressed LEF-1 homologue in Xenopus (Molenaar et
al., 1996), but other family members may also be present
during gastrulation. XTCF3 and LEF-1 have similar DNA
Role of LEF-1/TCF Proteins in Wnt Signaling binding properties and can both associate with b-catenin,
but these transcription factors may differ in their regulatoryThe vertebrate transcription factors LEF-1, TCF-1, TCF-
3, and TCF-4 are closely related members of the family of properties. LEF-1, but not XTCF3, induces a second axis in
injected Xenopus embryos (Behrens et al., 1996; Molenaar etHMG domain proteins that show extensive homology in
their DNA binding domain (Castrop et al., 1992a,1992b; al., 1996). In addition, deletions of the b-catenin interaction
domain from LEF-1 and XTCF3 have different effects onKorinek et al., 1997; Molenaar et al., 1996; Oosterwegel et
al., 1991; Travis et al., 1991; van de Wetering et al., 1991; suppressing normal axis formation (Behrens et al., 1996;
Molenaar et al., 1996).Waterman et al., 1991). Previous functional analysis of LEF-
1 in the regulation of the T cell receptor a enhancer indi- These observations also raise questions about the mecha-
nisms by which LEF-1/TCF proteins regulate transcriptioncated that this protein regulates transcription only in a spe-
ci®c context of other transcription binding sites (Giese and in response to wnt signals. One model proposes that b-
catenin associated with LEF-1/TCF proteins in the nucleusGrosschedl, 1993). Part of the context-dependent function
of LEF-1 is mediated by the HMG domain which induces a provides a transcriptional activation domain that mediates
activation of target genes (van de Wetering et al., 1997).sharp bend in the DNA helix (Giese et al., 1992; Love et
al., 1995). In addition, LEF-1 contains a context-dependent However, a second model proposes that association of b-
catenin with LEF-1/TCF proteins leads to activation of tar-activation domain that augments the activity of the T cell
receptor a enhancer complex by association with other pro- get genes by relieving a repressor function of these transcrip-
tion factors (Klymkowsky, 1997). The particular case of theteins (Bruhn et al., 1997; Giese and Grosschedl, 1993).
Recent observations indicate that all members of this fam- Xnr3 promoter supports the ®rst possibility, since the sec-
ond scenario would predict that deletion of inhibitory LEF-ily contain a conserved amino-terminal domain that can as-
sociate with the cytoplasmic protein b-catenin (Behrens et 1 sites would lead to a higher basal activity in the absence
of signaling. Instead, we ®nd that LEF-1 sites are requiredal., 1996; Brunner et al., 1997; Huber et al., 1996; Korinek
et al., 1997; Molenaar et al., 1996; Riese et al., 1997; van de as activator elements for wnt-induced transcription.
Wetering et al., 1997). In the absence of a wnt signal, b-
catenin is associated predominantly with cell adhesion mole-
Wnt Inducibility of the Xnr3 Promoter Requirescules of the cadherin family, whereas wnt signaling leads to
Two Distinct Sequence Elementsan increase in the pool of free b-catenin (reviewed in Fagotto
and Gumbiner, 1996; Nusse, 1997). In association with b- A notable result of our promoter analysis is the require-
ment for two distinct sequence elements to mediate thecatenin, LEF-1/TCF proteins can mediate transcriptional
stimulation from synthetic promoters containing multimer- wnt responsiveness of the Xnr3 promoter. This requirement
is reminiscent of the Ubx enhancer in Drosophila and indi-ized LEF-1/TCF binding sites (Molenaar et al., 1996; van de
Wetering et al., 1997). However, the lack of natural target cates a context-dependence of LEF-1 function in wnt signal-
ing. However, the distal wnt response sequence in the Xnr3promoters has hampered a molecular analysis of LEF-1/
TCF:b-catenin complexes in a physiological context. promoter, WRE1, does not resemble the cAMP-response ele-
ment found in the Ubx enhancer and it is not recognizedA study of the wingless-responsive ultrabithorax en-
hancer in Drosophila has identi®ed a LEF-1/TCF binding by LEF-1 in vitro. Wnt signaling is required early in develop-
ment in order to establish an organizer domain of zygoticsite as an important determinant for mediating transcrip-
tional activation in response to wingless. In addition, a regu- transcription and presumably relies on maternal factors (re-
viewed in Harland and Gerhart, 1997). We have identi®edlatory element that responds to Dpp signaling and resem-
bles a cAMP-response element (CRE) is required for a wing- a binding factor that normally accumulates during gastrula-
tion but is inhibited in the presence of a-amanitin (an inhib-less response of Ubx (Eresh et al., 1997; Riese et al., 1997).
Genetic evidence for the role of LEF-1-like proteins in wing- itor of RNA polymerase II transcription), indicating that
new transcription is required for its accumulation. Wnts,less signaling was provided by the analysis of mutations in
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in addition to their early dorsalizing effects, are active at that the WRE1 DNA binding activity may only be present
in the super®cial layer of the embryo, but dissection experi-gastrula stages in Xenopus, at which times they have ven-
tralizing activity (Christian and Moon, 1993; Harland and ments followed by bandshifts have so far not supported this
possibility.Gerhart, 1997). It is possible that factors like this mediate
the zygotic effects of wnt signaling. The current model for wnt activity implicates b-catenin
as the crucial mediator of signaling in the nucleus. MostThe transcription factor NF-ATc has also been implicated
in the wnt response (Beals et al., 1997). Dephosphorylation aspects of this model have been shown to be relevant for
axis formation in Xenopus (reviewed in Harland and Ger-of NF-ATc results in its transport into the nucleus where
it participates in transcriptional activation. Glycogen syn- hart, 1997). According to this model b-catenin that is not
associated with cell adhesion complexes is required for axisthase kinase-3 phosphorylates NF-ATc promoting nuclear
exit. It is however unlikely that NF-ATc, which recognizes formation, and elevated levels of b-catenin have been found
on the dorsal side of embryos shortly after fertilization. b-the consensus 5*-TTTTCC (Tsytsykova et al., 1996), binds
the wnt-responsive elements in the Xnr3 promoter which catenin is thought to associate with transcription factors of
the LEF-1/TCF class to provide a transcriptional activationdo not contain this sequence.
We note that the distal wnt response element, WRE1, con- domain to activate dorsal-speci®c genes. Alternatively, the
association of b-catenin with LEF-1/TCF proteins leads totains a sequence that resembles the consensus binding site
5*-ATTA which is recognized by homeodomain proteins repression of ventralizing factors. Our results, and the anal-
ysis of the siamois promoter (Brannon et al., 1997), lead us(Treisman et al., 1992). Mutations in this putative homeodo-
main binding site impair the function of the wnt response to favor the former possibility.
In conclusion, we show that the Spemann organizer-spe-element and interfere with the speci®c binding of proteins
in Xenopus gastrula extracts. Thus, it is likely that in the ci®c gene Xnr3 is a direct target for LEF-1/TCF proteins in
response to wnt signaling. Notably, the LEF-1/TCF bindingcontext of the Xnr3 promoter LEF-1 collaborates with a dif-
ferent type of regulatory protein than in the Ubx enhancer. sites in the Xnr3 promoter are not suf®cient to mediate
transcriptional activation in response to wnt signals, butA collaboration between the homeodomain protein Oct-3
and the HMG domain protein Sox2 has been recently shown require an additional regulatory sequence element. Thus,
the collaboration of LEF-1/TCF proteins with other regula-to augment the activity of the ®broblast growth factor 4
enhancer in early mouse development (Yuan et al., 1995). tory proteins may help to integrate different developmental
signals.
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